pathogens, such as Botrytis cinerea. The increased susceptibility to Botrytis cinerea observed in the cat2 mutant plants encouraged the authors to study the physical interaction between CAT2 and the JA biosynthesis enzymes ACYLCoA OXIDASES 2 and 3 (ACX2/3), which they detected in a yeast two-hybrid analysis. They found that the enzymatic activity of ACX2/3 is enhanced by its interaction with CAT2, and this enhancement can be suppressed by SA, suggesting that an enzymatically active CAT2 is required. Since ACX2/3 catalyzes the dehydrogenation reaction of acyl-CoAs resulting in the production of H 2 O 2 , we hypothesize that CAT2, in proximity, may increase the ACX2/3 activity by actively removing H 2 O 2 . Reduced JA levels in response to SA could compromise resistance to necrotrophic pathogens while enhancing defense against biotrophic pathogens ( Figure 1 ).
It is intriguing that among the three Arabidopsis catalases, only CAT2 appeared to affect IAA and JA synthesis, even though SA has been shown to bind and inhibit all catalase isoforms of tobacco (Durner and Klessig, 1996) . Though not tested in this study, this may be due to the time of the day when the catalase gene is expressed, as all three Arabidopsis catalase genes, as well as SA and JA synthesis, have been shown to be regulated by the circadian clock (Michael et al., 2008; Goodspeed et al., 2012) . CAT2 and ACX are morning-phased genes, whereas CAT1 and CAT3 are evening-phased genes.
Altogether, this study shows that CAT2 contributes to SA-mediated resistance by inhibiting IAA and JA biosynthesis, thereby providing functional evidence for its activity as a SA receptor. This work further supports the argument that there may be multiple SA receptors, each important for a subset of the many roles that SA plays in plant physiology.
Three recent papers, including one by Kotewicz et al. (2016) (Cunha et al., 2016) . The natural hosts of L. pneumophila are free-living amoeba where, similar to human macrophages, bacterial replication requires manipulation of the original phagosome to avoid fusion with lysosomes and to enable the establishment of the Legionella-containing vacuole (LCV). LCVs are unique organelles that acquire several endoplasmic reticulum (ER) markers. To create its replicative niche, L. pneumophila deploys a type IVB secretion system (T4SS), known as Dot/Icm, that translocates effector proteins into the host cell. The extent of host cell manipulation by L. pneumophila can be appreciated from the sheer number of Dot/Icm effectors encoded in the bacterial genome: more than 300 genes encode effectors, corresponding to almost 10% of the Legionella genome (Sherwood and Roy, 2016) . Dot/Icm-translocated effectors have a multitude of functions, and many manipulate the host by post-translationally modifying proteins. One common strategy of effector proteins is the regulation of ubiquitin-dependent inflammatory signaling pathways (Ashida et al., 2014) , and indeed, Legionella contains a multitude of proteins to interfere with host ubiquitylation. However, how exactly L. pneumophila generates its ER-encompassed replication compartment had remained poorly understood, and effectors disguising this ER-derived compartment against host surveillance have remained obscure.
In a paper published in this issue of Cell Host & Microbe, Isberg and colleagues addressed the mechanism by which L. pneumophila recruits ER-derived membranes by studying the distribution of reticulon 4 (RTN4), an ER-associated protein known to control shape and homeostasis of the ER and to associate with LCVs in a Dot/Icm-dependent manner (Kotewicz et al., 2016) . Using an overexpression screen, the authors identified members of the Sde family of effector proteins-SdeA, SdeB, SdeC, and SidE-as responsible for the recruitment of RTN4 to LCVs.
Importantly, RTN4 is ubiquitylated in this process. Ubiquitylation conventionally proceeds via an evolutionarily conserved enzymatic cascade, comprising an E1 ubiquitin activating enzyme that forms in an ATP-dependent manner a thioester linkage with the C terminus of ubiquitin, an E2 ubiquitin conjugating enzyme to which the activated ubiquitin is transferred by trans-thioesterification, and, finally, an E3 ubiquitin ligase, which is responsible for the substrate specificity of ubiquitylation ( Figure 1A ) (Dye and Schulman, 2007) . This last reaction results in the formation of an amide bond between the C terminus of ubiquitin and, in the vast majority of cases, the primary amino group of a lysine side chain in the substrate. Pathogens manipulate this ubiquitylation cascade in many creative ways and encode, for example, a host of E3 ligases that hijack cellular E1 and E2 enzymes to perform ubiquitylation on the pathogen's behalf (Ashida et al., 2014) . In addition to E3s obtained by horizontal gene transfer from eukaryotes, bacteria have evolved new E3 ligase folds, exemplified by the IpaH family of E3 ligases in Shigella, that perform reactions assisted by cellular E1 and E2 enzymes (Zhu et al., 2008) .
It was hence highly surprising when Qiu et al. reported earlier in 2016 that SdeA ubiquitylates host cell proteins in an E1-, E2-, and ATP-independent fashion (Qiu et al., 2016) (Figure 1B ). Ubiquitylation by Sde family members instead requires NAD + and proceeds via ADP ribosylation of ubiquitin Arg42, which is catalyzed by the mono-ADP-ribosyl transferase (mART) domain of Sde. Consistent with this, and completely incompatible with known ubiquitylation events, was the finding that Sde-catalyzed ubiquitylation does not require the ubiquitin C terminus, A B Figure 1 . Canonical and ADP-Ribosylation-Dependent Ubiquitylation (A) Canonical ubiquitylation is an ATP-dependent pathway catalyzed by E1 ubiquitin activating enzymes, E2 ubiquitin conjugating enzymes, and E3 ubiquitin ligases that results in the covalent attachment of ubiquitin via an amide bond between its C-terminal glycine and a substrate primary amine, usually a lysine side chain.
(B) ADP-ribosylation-dependent ubiquitylation is an NAD + -dependent pathway catalyzed by Legionella effector proteins of the Sde family that proceeds via ADP ribosylation of Arg42 in ubiquitin and results in the covalent attachment of phospho-ribo-ubiquitin via a phospho-diester bond to a serine residue in the substrate. Alternatively, hydrolysis of ADP-ribosylated ubiquitin releases phospho-ribo-ubiquitin. Sde is secreted via the Dot/Icm system into the host cytosol and is comprised of the indicated domains: mART (mono-ADP-ribosyltransferase), NP (nucleotidase/phosphohydrolase), and DUB (deubiquitinase).
suggesting a novel type of ubiquitin attachment to substrates. Indeed, as shown recently by Bhogaraju et al. (2016) , and also in this issue of Cell Host & Microbe (Kotewicz et al., 2016) , the nucleotidase/phosphohydrolase (NP) domain of Sde hydrolyzes the high-energy pyrophosphate bond in ADP-ribosylubiquitin (ADPrUB) to generate Arg42-phospho-ribosylated ubiquitin (PrUb). This new entity is either transferred to serine residues in substrates forming a phosphodiester bridge or released from the active center due to hydrolysis.
Bhogaraju et al. also show that ADPrUb and PrUb cannot participate in E1-mediated reactions and are refractory to perform ubiquitylation via canonical means, thereby potentially poisoning the cellular ubiquitylation machinery (Bhogaraju et al., 2016) . While this finding can be structurally reconciled, its relevance in an infection setting is unclear since the relatively small amount of Legionella-injected effector protein may only lead to localized perturbations and may not have global effects on host ubiquitylation. However, despite the inability of the conventional ubiquitylation machinery to handle ADPrUb, ADP-ribosylated poly-ubiquitin may exist in cells since poly-ubiquitin chains are a substrate of Sde in vitro (Kotewicz et al., 2016) . Interestingly, while Qiu et al. observe mostly monoubiquitination of Rab proteins (Qiu et al., 2016) , Kotewicz et al. also see high molecular weight smears typical for ubiquitin polymers (Kotewicz et al., 2016) . Intriguingly, independent linkage points (C terminus and Arg42) provided by ADPrUb in poly-ubiquitin chains could result in a two-dimensional mesh that crosslinks several substrates.
The
Arg-ribose-phosphodiester-Ser crosslink generated by Sde between ubiquitin and substrate has several intriguing features. Unsurprisingly, known deubiquitinases including the CE DUB domain present in Sde itself are unable to hydrolyze Arg-ribose-phosphodiesterSer linkages (Kotewicz et al., 2016) . Moreover, the presence of PrUb in a K63-linked tetra-ubiquitin chain appears to protect even conventional isopeptide linkages from hydrolysis by the DUB domain of Sde. This is reminiscent of the effects of phospho-ubiquitin, which also protects ubiquitin chains from DUB cleavage (Swatek and Komander, 2016) . It remains to be seen how general this protection is and what degree of PrUb incorporation is required to inhibit DUBs, but the stabilization of existing poly-ubiquitin chains could potentially provide an intriguing new level of control.
Collectively, these studies generate numerous intriguing questions. While many bacterial effector activities have no described eukaryotic counterparts, ubiquitin modifications on Ser of mammalian proteins have been observed (Kravtsova-Ivantsiv and Ciechanover, 2012) , and it is possible that some of these modifications may be assembled via Arg42 in PrUb. Indeed, Bhogaraju et al. point out that the less stable phosphodiester linkage may have been missed by conventional mass spectrometry (Bhogaraju et al., 2016) , and it will be interesting to search for such modification in uninfected mammalian lysates. It is also not clear whether PrUbiquitylation is reversible, either by hydrolases from Legionella or the host cell. It is a fascinating to consider that ribose-targeted enzymes may be able to reverse ubiquitylation events.
ADPrUb and PrUb add to the growing list of ubiquitin modifications that have emerged in the last few years (Swatek and Komander, 2016) . The modification of ubiquitin by phosphorylation, acetylation, and now phospho-ribosylation adds new words to an already complex code, the deciphering of which will keep ubiquitin researchers busy for some time. For Legionella research, the consequences of Rab and Rtn4 ubiquitylation in ER membrane trafficking and the full repertoire of Sde substrates will need to be uncovered next. And, clearly, bacteria will not stop amazing us by throwing up ever-new modifications.
